This paper describes the development and evaluation of a new nested reverse transcription (RT)-PCR for the detection of rhinovirus in clinical samples. The nucleotide sequences of the 5 noncoding regions of 39 rhinoviruses were determined in order to map the most conserved subregions. We designed a set of rhinovirusspecific primers and probes directed to these subregions and developed a new nested RT-PCR. The new assay includes an optimal RNA extraction method and amplicon identification with probe hybridization to discriminate between rhinoviruses and the closely related enteroviruses. It proved to be highly sensitive and specific. When tested on a dilution series of cultured viruses, the new PCR protocol scored positive at 10-to 100-foldhigher dilutions than a previously used nested RT-PCR. When tested on a collection of clinical samples obtained from 1,070 acute respiratory disease patients who had consulted their general practitioners, the new assay demonstrated a rhinovirus in 24% of the specimens, including all culture-positive samples, whereas the previously used PCR assay or virus culture detected a rhinovirus in only 3.5 to 6% of the samples. This new assay should help determine the disease burden associated with rhinovirus infections.
Rhinovirus infections, the main cause of the common cold, are generally restricted to the upper airways and induce only mild symptoms. For elderly and very young individuals, however, it has been reported that rhinoviruses can also cause lower respiratory tract infections that may result in severe illness (23, 28, 29, 31) . In addition, rhinovirus infections may exacerbate chronic bronchitis and asthma (10, 20, 33) . The full scope of the disease burden associated with rhinovirus infections is only beginning to be recognized, since virus isolation is difficult (24, 25) and other methods for the detection of rhinovirus infections are hampered by extensive genetic variation. About 200 Picornaviridae serotypes have been identified, of which more than 100 belong to the genus Rhinovirus (36, 39) . Sensitive and specific rhinovirus detection methods are needed to assess the full pathogenic potential of these viruses.
Numerous reports describing the development and application of PCRs for rhinovirus detection have been published. Most of these PCRs are based on primers that are exclusively directed towards sites with conserved nucleotide sequences in the 5Ј noncoding region (NCR) (2, 12, 14, 16, 18, 21, 22, 38) . Other rhinovirus PCRs also use primers directed towards the VP2 and VP4 capsid genes (11, 30, 34) . Since most of these target sequences are shared with enteroviruses, which may also replicate in the respiratory tract, rhinovirus PCRs often include amplicon identification by probe hybridization (7, 11, 14, 16) or by restriction enzyme digestion (22) . Other PCRs aim at rhinovirus specificity by amplifying a genome segment that differs in length between rhinoviruses and enteroviruses (4, 30, 34) or by selective secondary amplification (2, 18, 30) . All rhinovirus PCRs developed to date are based on the same five rhinovirus prototype sequences presently available from the genetic databases and on the sequence homology of rhinoviruses and enteroviruses.
During a surveillance program on respiratory viral infections, we collected nose and throat swabs from individuals with acute respiratory disease who had consulted their general practitioners (GPs). These clinical samples were examined for the presence of rhinoviruses by using virus culture. The same samples were also tested with a rhinovirus PCR using primers described by Kämmerer et al. (22) in a locally developed protocol. A significant number of samples that were positive in virus culture were negative in this rhinovirus PCR. In order to improve rhinovirus detection, we determined the 5Ј NCR nucleotide sequences of a panel of 39 rhinoviruses. On the basis of this sequence information, we developed a rhinovirus-specific nested reverse transcription (RT)-PCR ("new PCR") that includes an optimal RNA extraction method and amplicon identification with probe hybridization to discriminate between rhinoviruses and enteroviruses. The sensitivity and specificity of the assay were evaluated with a dilution series of cultured viruses and with clinical samples.
RESULTS

NCR sequence analysis. (i) NCR amplification.
We sequenced the 5Ј NCRs of 39 rhinoviruses, including recent isolates and prototypes, in order to design optimally matching primers for a rhinovirus-specific PCR. To obtain nucleotide sequences encompassing the most-conserved 5Ј NCR subregions, amplification by seminested PCR and subsequent sequencing were done with primers directed towards less well conserved sites at the 5Ј terminus of the 5Ј NCR and in the open reading frames VP4 and VP2. First, primers (Pr7, Pr13, and Pr12) published by Mori and Clewley (30) were used (Fig.  1A) . Using three versions of the 5Ј primer Pr7, adapted to the nucleotide sequence of rhinovirus serotypes 2, 14, and 16, we were able to amplify the 5Ј NCRs from eight of the nine selected prototype rhinoviruses and from 20 of the 30 selected field isolates. Subsequent attempts to amplify (parts of) the 5Ј NCRs of the other selected rhinovirus isolates and prototype viruses with several combinations of primers indicated that PCR failure was caused by (additional) sequence variation in the Pr7 region. The 5Ј NCRs of these isolates and prototype viruses, however, were amplified by using the primer Rtheol, which is directed towards the 5Ј terminus of the rhinovirus genome (Fig. 1A) . Finally, the 5Ј NCR of rhinovirus serotype 87 was amplified by replacing primer Pr12 with primer 1, an enterovirus-specific primer (35) .
(ii) NCR sequence variation. Analysis of the 39 obtained rhinovirus 5Ј NCR sequences, together with the five rhinovirus prototype 5Ј NCR sequences available from the genetic databases, revealed a particular pattern of sequence variation: short stretches of generally 1 to 6 relatively well conserved nucleotides separated by stretches (mostly similar in size) of highly variable residues (data not shown). This pattern resulted in a relatively high level of nucleotide sequence variation (up to 50%) between individual 5Ј NCR sequences. Figure 2 shows a dendrogram based on an alignment of all 44 NCR sequences available (about 470 nucleotides bordered by regions A and F [see below]). It appears that these rhinovirus 5Ј NCR sequences group into multiple clusters. The rhinovirus serotype 87 NCR sequence was the most divergent, which is in line with its particular phenotype. The cellular receptor used by rhinovirus serotype 87 is different from those used by all other rhinoviruses examined (13, 15, 27, 40) . Comparison of the rhinovirus serotype 87 NCR sequence with the 5Ј NCR sequences of enteroviruses revealed that this rhinovirus is genetically much more closely related to enteroviruses than to other rhinoviruses (data not shown).
(iii) Conserved 5 NCR subregions. Fortunately, a number of large and well-conserved subregions suitable for primer design are present in the variable rhinovirus 5Ј NCR. Most of these regions, A to F (Fig. 1B) , have already been used by others for rhinovirus detection by PCR. In our large set of 5Ј NCR sequences, regions E and F appeared to be most conserved. Only one nucleotide substitution was observed for a single sequence in region E. Region D, which we used for probe hybridization to discriminate between rhinoviruses and enteroviruses, showed only very limited sequence variation (predominantly at nucleotide position 363). Discriminative probe hybridization is based on an extra thymidine residue present in enteroviruses at position 359 (16) . In our data set, such a residue was absent from all but one rhinovirus 5Ј NCR, namely that of rhinovirus serotype 87. Region C appeared as a VOL. 37, 1999 IMPROVED
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on November 7, 2017 by guest http://jcm.asm.org/ new, previously unrecognized conserved region. It displayed a separate consensus sequence specific for a cluster of rhinoviruses, including the serotype 14 strain (Fig. 2) . Similarly, region A showed sequence variation that is partly cluster specific. Finally, region B displayed little sequence variation, almost exclusively restricted to two central nucleotide positions.
Improvement of the rhinovirus PCR. (i) Primer selection and detection limits.
We first designed primers directed towards the conserved 5Ј NCR subregions A to F (Fig. 1B) . Since others have previously designed primers for the same regions, most of the primers used in this study are only marginally different in sequence. Six primer combinations were tested at various annealing temperatures in a nested RT-PCR format with three rhinoviruses, namely, rhinovirus serotype 2 and rhinoviruses 9219168 and 9504967. These rhinoviruses were selected to represent the most divergent 5Ј NCR sequences ( The gray bar represents the 5Ј NCR from which the nucleotide sequence was determined. The black regions, labeled A to F, indicate the locations of the relatively long, well-conserved subregions. For reference, the complete rhinovirus genome is given at the top. (B) Nucleotide sequences (cDNA) of the six relatively long, well-conserved subregions of the rhinovirus 5Ј NCR. At the top, the consensus sequence of each region is given together with its relative position based on the rhinovirus serotype 2 sequence. Identical residues are indicated with dots; a dash indicates that no nucleotide residue is present at that particular position. At the bottom, the sequences of the primers and probes used in the study are given. Arrows indicate primer orientations. The coxprim1 to coxprim4 primers were previously published by Kämmerer et al. (22) . The codes of the rhinovirus field isolates and prototypes from which the sequences were derived are given on the left. Rhinovirus serotype x is abbreviated as rhino x. The seven-digit numbers represent field isolates; the first two digits indicate the year of isolation. The sequences of rhinoviruses marked with bullets were downloaded from the GenBank sequence database.
FIG. 2.
Dendrogram based on the sequence alignment of a 530-nucleotide region (bordered by regions A and F) of the 5Ј NCRs of 44 rhinoviruses. The codes of the rhinovirus field isolates (seven-digit numbers) and prototypes ("rhino x") from which the sequences were derived are given on the right. s, sequence obtained from the GenBank database. 1B). The assay sensitivities achieved by the various primer combinations were determined by testing the primers with a series of 10-fold dilutions of each of the three rhinoviruses (data not shown). Three of the primer sets that amplified these viruses most efficiently, together with a previously used primer set (set I [ Table 1 ]), were subsequently tested with a larger panel of viruses consisting of 13 rhinoviruses and 7 enteroviruses (rhinoviruses 9219168, 9504967, serotype 2, serotype 87, serotype 14, 9503504, 9501469, 9306388, 9408089, 9501936, 9501943, 9409389, and serotype 72; enteroviruses coxsackievirus A9, coxsackievirus A21, coxsackievirus B3, coxsackievirus B4, echovirus 11, echovirus 12, and enterovirus 70). Primer set III proved to be superior to or performed as well as the three other primer sets for all rhinoviruses tested except for rhinovirus field strain 9409389 (data not shown). On average, the detection limit for rhinoviruses was 10 times lower with a nested RT-PCR based on primer set III (the new PCR) than with the previously used nested RT-PCR based on primer set I (the old PCR). Primer set III is not the best choice for the detection of enteroviruses. The nested RT-PCR based on primer set I appeared to be most sensitive for the detection of the-arbitrarily selected-enteroviruses. In the present study, we focused specifically on rhinovirus detection. In order to develop a PCR for the sensitive detection of both rhinoviruses and enteroviruses, additional primers that are more specific for enteroviruses (e.g., directed to region A) should be included.
(ii) Selected primers and risk of mismatches. The primers of set III were all elongated compared with the primers directed towards the same regions that were used in other PCRs. Only primer ncr1 had an altered nucleotide composition. The absence of sequence variation in region F allowed the crucial initiation step of cDNA synthesis to be primed with a perfectly matching primer (ncr2). We observed the most sequence variation in regions A and B. Therefore, primer mismatches are expected to predominantly affect the annealing of only one of the primers (the sense primer) of each primer pair. With this particular distribution of the observed sequence variation over the primer target sequences, the impact of variability in regions A and B on assay sensitivity is expected to be low, especially since both sense primers are elongated compared to those previously designed for these regions. Moreover, primer ncr1 no longer carries mismatched nucleotides to the consensus sequence of the majority of rhinoviruses in this region. Because of the elongation of the primer, the occasional mismatch expected in the target sequence of the sense primer for region B (ncr3) will now be located at a greater distance from the 3Ј primer terminus (Fig. 1B ) and therefore will have less influence on the efficiency of the priming process.
(iii) RNA extraction method. Five RNA extraction methods were compared with respect to their efficiencies in recovering rhinovirus RNA from nose/throat swabs. Two positive clinical samples that were each serially diluted in pooled negative clinical samples were used. By methods C, D, and E, all based on the adherence of RNA to silica particles, the detection limit of the assay was about 10 times lower than that of methods A and B, which rely on RNA release by heating only and on ethanol precipitation after virus membrane solubilization, respectively (results not shown). The High Pure RNA isolation kit of Boehringer (method D) was selected for further experiments, since it was the least time consuming.
Evaluation of the newly developed rhinovirus PCR. (i) Sensitivity. To determine whether the enhanced analytical sensitivity of the newly developed PCR (new PCR) did indeed result in an improved detection rate of rhinovirus genomic RNA in clinical samples, we tested a large number of nose/ throat swabs from patients with acute respiratory disease who had consulted their GPs. We examined 556 swabs from the 1994-1995 season and 514 swabs from the 1996-1997 season by using virus isolation (both seasons), the old PCR (1994-1995 season), and the new PCR (both seasons). Table 2 shows the results obtained in both seasons. In the 1994-1995 season, the old PCR tested positive in about half of the culture-positive specimens and detected rhinovirus in another 3% of the culture-negative samples. In contrast, the new PCR scored positive in all culture-positive samples and identified rhinovirus in about 18% of the culture-negative specimens, raising the PCR detection rate for this season from 6.1 to 23.9%. No specimens from the 1996-1997 season were examined with the old PCR, but a very similar fraction of the samples in this season tested rhinovirus positive when assayed with the new PCR (23.5%). Virus culture detected only 3.5% positive samples in this season.
(ii) Specificity. All rhinovirus culture-positive samples were also positive with the new PCR. Analysis of 63 rhinovirus PCR amplicon sequences from the 1996-1997 season revealed that all of these sequences were indeed rhinovirus sequences, indicating that the specificity of the new PCR is 100% (results not shown).
(iii) Clinical relevance. To obtain information about the temporal association between a positive rhinovirus PCR test result and the clinical symptoms displayed by the patient, we resampled 26 patients on an average of 32 days after the first sample had tested positive with the new rhinovirus PCR. No rhinovirus was detected in any of the 19 follow-up samples taken from patients who had recovered from respiratory illness. In contrast, rhinovirus RNA was detected with the new PCR in 7 of 14 follow-up samples obtained from individuals (n ϭ 14) still reporting respiratory illness. 
DISCUSSION
To enhance the diagnostic sensitivity of the rhinovirus PCR, we analyzed a panel of 44 rhinovirus 5Ј NCR sequences and designed optimally matching oligonucleotide primers. We developed a new nested RT-PCR with these primers that includes an optimal RNA extraction procedure and amplicon identification by probe hybridization to discriminate between rhinoviruses and enteroviruses. This assay proved to be highly sensitive and specific, as determined by titration of cultured rhinoviruses and by a comparative study with 1,070 clinical samples obtained during two seasons in The Netherlands.
The impulse for the present study was the observation that a number of virus culture-positive clinical specimens had tested negative with a previously used PCR. This underlines the importance of using both a virus isolation method and a PCR detection technique. These assays serve as mutual controls for sensitivity. The sequence variation displayed by the 5Ј NCRs of 44 rhinoviruses was carefully mapped to assess whether primer mismatches due to sequence variation could explain the low sensitivity of the old rhinovirus PCR. Such mismatches are likely to occur, since the primers for all rhinovirus PCRs developed to date are based on the nucleotide sequences of only five rhinovirus prototypes isolated decades ago. Indeed, better matching primers could be designed for the same, but presently more accurately defined, conserved 5Ј NCR subregions. When compared with the primers we initially used (coxprim1 to coxprim4), only three nucleotide substitutions were introduced into the new primers (all in the ncr1 primer [ Fig. 1B]) . However, the new sequence information also allowed us to elongate all four primers of the nested PCR. The increased lengths of the primers probably contributed the most to the increased sensitivity of the new PCR. One may conceive that, for example, the elongated primers ncr1 and ncr3 directed towards regions A and B still anneal efficiently even when a sequence variation that is similar to what we observed in our data set is encountered (Fig. 1B) . In addition, the implemented efficient RNA extraction method also contributed significantly to the increased sensitivity of the new PCR. We have chosen to develop a nested PCR in order to obtain an assay with the highest possible sensitivity. In a pilot experiment, we obtained detection limits with a single PCR (no secondary amplification) that were 100-fold lower than we were able to achieve with a nested PCR. Only by using a nested PCR assay that incorporates an optimal RNA extraction method, optimally matching primers, and amplicon identification and detection by probe hybridization may we expect to develop a robust assay that detects most, if not all, rhinoviruses.
We designed PCR primers based on the sequence information obtained from a specific set of (tissue-cultured) rhinoviruses. We expect, however, that our new PCR will detect the vast majority of all circulating wild-type rhinoviruses since (i) the primers were designed on the basis of a large set (n ϭ 44) of rhinoviruses, including viruses dependent on different cellular receptors and from both antiviral groups (A and B) (1, 40) ; (ii) we were able to obtain the 5Ј NCR sequences of all rhinoviruses selected for analysis; (iii) presently circulating rhinoviruses and old prototype rhinoviruses, isolated decades ago, still appear to have the same conserved sequences; and (iv) the conserved primer regions are part of the internal ribosome entry site, whose function is essential for viral replication (5).
Since we chose to target a 5Ј NCR region that is similar in length for both rhinoviruses and enteroviruses, we added a discriminative amplicon hybridization step to the rhinovirus PCR. Only nucleotide position 359, located in conserved subregion D, displayed rhinovirus-and enterovirus-associated variation that could be readily utilized. Our surveillance data indicate that the chance of rhinovirus misclassification is low since (i) we observed a 100% match between the results of probe hybridization and the results of acid lability testing for all rhinoviruses and enteroviruses cultured in the two illness seasons studied (n ϭ 58), (ii) all 63 amplicon sequences that we have determined (rhinovirus probe positive) were true rhinovirus sequences, and (iii) only 1.6 and 3.8% of the samples were scored as enterovirus positive with the new PCR in the two monitored seasons (data not shown). Rhinovirus serotype 87 poses a special problem. It has the enterovirus-specific nucleotide at position 359 (Fig. 1B) and will therefore be falsely labeled as an enterovirus in our assay. This imperfection is difficult to avoid since we-quite unexpectedly-found that the entire 5Ј NCR of rhinovirus serotype 87 is much more closely related to the 5Ј NCR sequence of enteroviruses than to that of rhinoviruses (data not shown). Actually, the problem is that, irrespective of their genomic structures, rhinoviruses and enteroviruses are defined as acid-labile and acid-resistant picornaviruses, respectively.
With the new PCR, we detected a rhinovirus in about 24% of the clinical samples. This new PCR was able to detect a rhinovirus in at least four times as many specimens as could be detected by virus isolation (Table 2 ). This is even more significant since our culture techniques ensured optimal conditions for rhinovirus isolation, and significant inactivation of rhinovirus during transport is unlikely since the rhinovirus inactivation rate at room temperature is low (9) . Still higher incidences (up to 53%) of rhinovirus infections have, however, been reported for several other PCR-based surveillance studies also targeting nonhospitalized individuals (3, 17, 18, 21, 26, 32) . Several factors could explain this discrepancy. We sampled not only during the expected peak incidence of rhinovirus infection but nearly throughout the entire year, from August to May. Furthermore, most of the patients in our study suffered from relatively severe respiratory disease, which could be characterized as an influenza-like illness. Therefore, rhinovirus infections typically associated with milder respiratory diseases such as the common cold are less likely to be detected. Finally, our patients were not sampled at first symptoms but only when they had consulted their GPs, mostly because the respiratory disease had persisted. Considering these differences, our rhinovirus detection rate of 24% is surprisingly high.
There is experimental evidence that respiratory disease is positively correlated with the load of rhinoviruses in the respiratory tract (8) . Introduction of an assay with a lower detection limit therefore has the inherent danger of a decreased clinical relevance of positive test results. The detection rate of rhinovirus infection in healthy individuals or, with the same line of reasoning, in patients with a respiratory disease from another cause may increase selectively relative to that in individuals actually suffering from respiratory disease caused by rhinoviruses. However, follow-up sample testing suggests a temporal association between a positive test result and the displayed respiratory disease, even when rhinoviruses were detected by the sensitive new PCR. We were unable to detect rhinoviruses in those patients who had recovered from disease, suggesting that rhinoviruses were not likely to be present as "commensal" organisms. In contrast, we detected a rhinovirus in 7 of the 14 follow-up samples when the initial respiratory symptoms persisted. In these cases, amplicon sequencing indicated viral persistence by the absence of sequence variation (data not shown). However, case control studies are required to provide further data on the causal relationship between rhinovirus infection and disease. Asymptomatic infections in 0 to 4% of adult control individuals and in as many as 12% of healthy children have been reported in other surveillance studies (18, 21) .
In conclusion, we developed an improved, highly sensitive and specific nested RT-PCR for the detection of rhinoviruses in clinical specimens. Using the new PCR, we demonstrated that the acute respiratory tract disease of about 24% of the patients consulting their GPs was associated with a rhinovirus infection. The presently described assay should help determine the disease burden associated with rhinovirus infections in different categories of patients more accurately. In addition, evaluation of the clinical management of and the antiviral therapy for infections with rhinoviruses, as well as other respiratory pathogens inducing similar symptoms, can be improved with the presently described new rhinovirus PCR.
